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C€NRACTERISTICS O F  A HYDRAULIC CONTROL D-D FROM TRANSlENT 

DATA OBTAINED WITH A TURBOJET 

ENGINE AT ALTITUDE 

By George Vasu, William L. HFnde, and R. T. Craig 

Characteristics of a hydraulic  control w e r e  determined by analyzing 
t r ans i en t  data obtained w i t h  a tu rbo je t   eng ine   ope ra t ing   i n   t he   a l t i t ude  
wind tunnel .  The transfer   funct ion of the  speed - Fuel flow cont ro l  was 
obtained from a frequency-response  analysis  of  transient  responses of 
the   cont ro l led   engine   to  sudden  changes in the exhaust-nozzle area. 
A n  analog  computer  investigation w a s  then  conducted t o   v e r i f y   t h e   t r a n s -  
fer functions  obtained f r o m  the frequency-response  analysis.  This ana- 
log   inves t iga t ion   a l so   ind ica ted   the   ex is tence  of add i t iona l  smal l  lags 
which  could  not be detected by the frequency-response  analysis. The 
excellent  over-all  performance  of.the  speed control is a t t r i b u t e d  t o  
the e l in ina t ion  of large lags i n   t h e   c o n t r o l  system, thereby p e r m i t -  
t i n g  the u s e  of re lat ively  high  loop  gains  while s t i l l  maintaining 
s a t i s f a c t o r y  damping i n   t r a n s i e n t s .  The temperature   control   c i rcui t ,  
which  normally  contributes  instability: was not  operating  during the 
investigation. .. .. . 

The schedule of  f u e l  f l o w  as a function of compressor pressure rise 
f o r  the surge cont ro l  w a s  obtained f rm the responses of these variables 
t o   t h r o t t l e   b u r s t  accelerations f r o m  idle t o  full thrust. The investi- 
gation  revealed that the following two problems arise in  the present 
surge control :  First ,  if the schedule i e  set for safe a l t i tude  operation, 
then a consideraBle amount of  the ava i l ab le  acceleratim is l o s t  a t  aea 
level; second, the schedule does not proiride surge protection if accel- 
e ra t ions  from engine speeds below idle ,   such as would occur d u r h g  alt i-  
tude starting, are attempted. A modification  of the cont ro l  which more 
closely matches the engine surge characteristics f o r  a broad range of 
engine and flight cond-ltiane is therefore  suggested. 

INTRODUCTION 

An investigation of a turbojet   engine and t h a t   p a r t  of i ts  cont ro l  
which meters engine fuel flow was conducted i n  the NACA Lewis a l t i t u d e  
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wind tunnel   to   determine the steady-state and transient  performance 
of the control led and uncontrolled  engine. As a pa r t  of this pro- 
gram, t rans ien t   opera t ing   da ta - for  the controlled  engine w e r e  taken, 
and an  analysis  of the data was made to  determine some of the impor- 
tan t -   charac te r i s t ics   o f  the c o n t r o l   t h a t  are not   direct ly   discern-  
ible  from an  examination  of  transient  responses. The character is-  
t i c s  concerning which information is desired are t ransfer   funct iona,  
schedules, and limits. Such a description  furnishes  information 
necessary for studies  of system stabil i ty and transient  response 
which are t h e  basis of   control .evaluat ion.  The r e s u l t s  of this 
analysis ,  as w e l l  a s  the methods of malysis used, are presented 
i n  this report. . ,  

The form of the transfer  function and the  values for i t a  constant-s 
were obtained  for that par t ion ;  of the cont ro l  which maintains the eng- 
i n e  a t  full speed i n  a closed-loop  system  by  conducting a frequency- 
response  analysis of cer ta in  of the t rans ien t   da ta .  The r e s u l t s  of 
this phase of the analysis are  pr-esented  for.  transi.ent  da.ta  covering 
a range of a l t i%udes from 10,05)0 t o  45,000 feet a.t .a nominal ram pres- 
s u r e  r a t i o  of 1.02. 

.. . 

Further-s tudies   oFthat   pqrt ion of the control  &ich maintains 
the engine a t  top speed in a closed-loop system w e r e  made by simulat- 
ing  the controlled  engine. on an electronic  analog  compuhr. The form 
and the constants  of the tranBfer function obtained  fo?"the.'control 
by the frequency-response  analysis were ver i f ied  by a comparison of 
the resu l t s   o f   ana log  computer s tudies   with the experimental  trans- 
ient  da.ta.   Additional  studies  .using the simulated system were made 
t n t u d y  the effects ophigh-frequency dynamic- terms which may be 
present b u t -  which we= unobtainable f r o m  the fl-equency-response 
analysis .  

Information is presented t o  show the act ion of the c o n t r o l   i n  
preventing the engine  encounter.ing  surge while permitt ing  rapid 
acce lera t ions   for  three different  adjustments  of the control .  T5e 
schedule imposed by the c m t r o l  i s  cmpared w i t h  engine  requirements 
for   operat ion a t  .an. a l t i t u d e  of. 15,000 feet  and a nominal ram pres- 
s u r e   r a t i o  of 1.02. Th+analysis is extended t o  examine the  effect 
af operation a t  o t h e r   a l t i t u d e s   t o   i l l u s t r a t e   t h e  manner i n  which 
the control  operates,  and a modification  of the present-control is 
suggested which should cmsiderably improve its effectiveness. 

" . -. . - 
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Engine. - A prototype  turbojet  engine w i t h  a variable-area exhaust 
nozzle was used  in this investigation. An af terburner  was attached, b u t  
was not-operating  during the invest igat iog . " 
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" 



NACA RM E53D02 " 3 

Control. - An hydraul ic   control  was used t o  meter engine  fuel flow. 
The cont ro l  i s  described  in a. later sect ion of this report .  A separate 
e lec t ronic   cont ro l  was .used t o  posi t ion the exhaust  nozzle. 

Test facil i t ies.  - A cawled engine, w i t h  its inlet  open t o  tunnel 
free stream, was  installed in the 20-foot-diameter tes t  sec t ion  of the 
Lewis a l t i t u d e  wind tunnel. The €natallation is shown in figure 1. 

Inetrumentation. - EngFne parameters w e r e  reoorded  during transients 
on three six-channel, direct-wri t ing  osci l lographs.  In table I are 
summarized the parameters recorded, instrumentation used t o  measure 
values of the parameters in the s teady state, seneing devices used t o  
measure the var ia t ions  in parameters  during transients, and the 
frequency-response range of the transient Instrumentation. A descrip- 
tion of the transient instrumentation is given in appendir A. 

DESCRIPTION OF HYDRAULIC CONTROL 

During the  present   invest igat ion,   only that portion of the hydrau- 
l i c  c m t r o l  which var ies   engine  fuel  flow w a s  avai lable .  The cont ro l  
i n  its complete form contahs  provisions  for  metering  engine and 
afterburner fuel flow and posi t ioning the e a u &  nozzle. The desired 
r e su l t  is control  of thrust in respanse t o  the p i l o t ' s  power lever w i t h  
the maintenance of safe engine operation.  Thrust is varied by scheduling 
engine fuel  flow as a function of power lever pos i t ion  with the exhaust 
nozzle  wide  open for operation below full speed. mer approximately 
full speed is reached,  thrust is varied by scheduling the ex3laust-nozzle 
area with power lever pos i t ion  while the engine is maintained a t  full 
speed by another   port ion of the control .  If afterburner thrust is  
desired,  the power lever is advanced i n t o  the af terburning range. Com- 
pressor  discharge  pressure is sensed by the cont ro l   to   p rovide  the 
proper  afterburner fuel flow for changes In the flight condition. 

For the port ion of the hydraulic  control  used  in th i s  invest igat ion,  
regulat ion of engine  fuel  flow is accomplished  by three valves  placed 
i n  series, as shown i n  figure 2. The pressure drop across  the three 
valves,  denoted as the   t h ro t t l e ,   a cce l e ra t ion ,  and  overspeed  valves, 
is regulated by means of a d i f f e ren t i a l   p re s su re  relief valve so that 
a given  position of the three valves will- r e s u l t   i n  a d e f i n i t e   f u e l  
flow. The ac t ion  of this par t  of the cont ro l  is best understood by 
considering  each  valve  individually,  since  each one is of  primary 
importance in only one region of engine  operation. 

D u r i n g  steady-state operation below t o p  speed the overspeed  valve 
is wide open, the acce lera t ion  valve is open s u f f i c i e n t l y   t o  have only 
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a mall effect, and t h e  fuel flow is dete-d by the posi t ion of the 
t h r o t t l e  valve. The throttle virlve is positioned in direct response t o  - 
t h e   p i l o t ' s  power lever.  When the power l eve r  is at  the id le   pos i t ion ,  
the throttle valve is fully closed and a bypass line connected  acroas 
the thrott le valve  aupplies the id le  fuel flow, which is nomually 
adjusted t o  1350 pouiide per how.  With a set  i d l e  fuel flow, the i d l e  
speed of the engine increases as the a l t i t u d e  is increased, a s  sham in 
figure 3. 

When the power lever is advanced rapidly as i n  a throttle burst, 
the thro t t le   va lve  is suddenly opened. Under this  condition, the f u e l  
f low  increases  rapidly and the acceleration  valve assumes control  of 
t h e   f u e l  flow. This valve is positioned by the aoceleration  valve 
actuator ,  which is desieped to   pos i t ion   the   acce le ra t ion   va lve  in 
response t o  compressor p re s su re . r i s e  (compressor ou t l e t   t o t a l   p re s su re  
minus compressor inlet t o t a l   p e e s u r e )  in such a manner that cmpressor  
stall or surge w i l l  be avoided during acceleration. Two screw adjust- '  
menta are included on the accelerat ion  valve  actuator   to   adjust  the 
schedule  of f u e l  flaw as a function  of  compressor  pressure r ise so t h a t  
satisfactory operation can be obtained. One 09 these adjustments vsr les 
the amount-of f u e l  f low obtained f o r  a given  compressor  pressure rise, 
and the   a the r  sets the minimumpalue of accelemtion  Rzel  flow that can . 
be  obtained a t  a low compres~or  premure rise. 

FC 
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A s  t he  engine approaches full speed, the overspeed valve beg ins   t o  L. 

c l o s e   t o  maintain the engine a t  fill speed. Under  the condition of full 
speed, the overepeed  valve, the overspeed relay, and the engine fonn a 
olosed-loop  control eystem which w i l l  be  called the speed c m t r o l .  The 
overspeed re lay   cons is t s  of 8 f l y b a l l  governor  and a hydraulic servo for 
posit ioning  the  overspeed-valve in response tD the flyball   governor.  
The funct ian of the speed control  is t o  provide   sa t i s fac tory   cmtro l  of 
engine speed  during  steady-etate and transient operation a t  full  speed. 

The edhaust  nozzle was positioned by a separate electronic control 
during the experimental  investfgation. In the complete  control sptem, 
exhaust-nozzle we8 is t o  be scheduled as a function of parer  lever 
posit ion,   with  provisions for trimming this   schedule  by e i t h e r  a manual 
o r  an automatic  temperature trim. There is, however, a speed switch in 
the overspeed valve assembly which w i l l .  not .allmi the exhaust  nozzle  to 
close until the engine speed ha8 reached approximately 95 t o  98 percent 
of full speed. This speed  &itch is included t o  prevent the exhaust 
nozzle frm closing during accelerat ions until nearly full speed is 
obtained.  For  af'tsrburner  operation a pressure-operated  switch  acti- 
vates a c i r c u i t  which  opens the exhaust nozz le  upon the i n i t i a t i o n  o f  
afterburning and oloses the nozzle  should  afterburner  blow-out  occur. 
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!transient  data were  obtained for  the  controlled engine during the 
altitude wind tunnel  fnvestigatim by subjecting  the engine t o  two types 
of disturbance. In both  cases, engine parameters were measured contin- 
uously on oscillograph  recorders.  Calibration of the  oscillograph  traces 
was accomplished  by taking  readings of the  steady-state instrumants  before 
and after each transient. 

One type of disturbance coneieted in subjecting the  controlled 
engine t o  a sudden change in the exhaust-nozzle area while the engine 
was operating a t  full speed w i t h  the thrott le valve wide  open. The 
responses t o  this  type of disturb&ce  therefore provide infomnvstlm on 
the  action of the speed control and its abi l i ty  t o  perPomu i ts  pre- 
scribed  functions. This p a r t  of the  investigation was performed for a 
range of altitudes frm 10,000 t o  50,000 f ee t   a t  a nominal ram pressure 
r a t i o  of 1.02 and Included exhsust-nozzle disturbances of various s i z e s  
and in both  directions. A typical transient response of the  controlled 
engine t o  this  type of disturbance is presented in figure 4. 

The other type'of distmrbance consisted of thrott le burst accelera- 
tions from low speed (exhaust nozzle open) t o  full thrust (exhaust 
nozzle almost closed). These accelerations were made by rapidly 
advancing the power lever and allowing the engine t o  accelerate w i t h  
the e m u s t  nozzle open until engine speed  reached f'rom 95 t o  98 percent 
of fu l l  speed. A t  th is  time the exhaust nozzle was closed t o  the full 
thrust  poeition by manually operating  the  electronic  control used f o r  
positioning  the exhaust nozzle. This action  effectively simulated a 
throttle  burst from low power to full thrust w i t h  the complete control, 
and the  transient responses of the e n g h e  t o  this disturbance i l lustrate 
the  effectiveness of the  control in rapidly  accelerating  the engine 
while preventin@; compmssor surge. 

F i r s t  setting. - Data for the  throttle burst  accelerations were 
obtained f o r  three  different adju&ents of  the acceleration m l ~ e  
actuator. The first of these  settings was made by the manufacturer a t  
sea-level  static  conditions. 

With the  manufacturer's  settFng no surge was encountered a t  any 
altitude during accelerations from the  control  idle fuel flow. In order 
t o  determine the  effect of operation closer t o  the surge regia,   investi-  
gations were conducted w i t h  two  other adjustments of the  acceleration 
control. 

Second s e t t i q .  - For the second setting  the  acceleration m l n i m u m  
fuel flow screw adjustment was turned 1/4 turn in from the first setting 
t o  increase  the a c k e r a t i o n  minFmum fuel flow a t  low speeds, and the 
acceleration  fuel flow screw adjustment was turned 1/8 turn out  t o  

- 
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increase  the scheduled f ie1  flow for any given value o f  canpressor  pres- 
sure rise a t  higher speeds. 

Third s e t t i q .  - For the  third  setting  the  acceleration minimum fuel 
f l o w  screw  adjustment- was turned 1/8 turn  farther in. The ef fec tof  these 
settings on the scheduled f u e l . f l . q . w f l l  b.ee~lJustr&ted later.  

The throttle  burst  accelerations were  made over a range of .altitudes 
from 5000 t o  20,000 feet  a t  a nominal ram pressure r a t i o  of 1.02. The 
response of the  controlled engine during a typical  throttle  burst  accel- 
eration is shown in figure 5. . .  

Unless otherwise specified, all the  data presented herein were 
either taken a t  or adjusted t o  the standard temperature for t h - g i v e n  
f l ight  condition. 

B R E Q D E N C Y - ~ N F Z  AWALYSIS FOR DETERXtNATIQN OF SPEED 

CONTROL TRANSFER J?UNCTION 

Determination of the  transfer  function of any linear  physical syetem 
can  be  accomplished by appropriate analyBis of tmnsient responses of 
that system t o  some arbitrary dieturbanoe. The transfer  function and 
t h e  response of a line= system are  related by the Laplace transfom, 
which  can therefore be  used t o  obtain  the  transfer  function if the 
time response is known. In the case of the speed control portion o f  
the  control, the transient d8ta obtained for the controlled engine 
when subjected t o  a sudden change i n  the exhaust-nozzle area while 
operating a t f u l l  speed provide the necessary da ta  for  such an 
analysis. 

Theory of JWequency-Response Analy~ie 

If the speed control is a.ssumed t o  be a linear Byatem for the d is -  
turbances encountered, i t e  transfer function can be expressed a6 the 
ra t lo  of the Laplace transform of the output function t o  tha i rof  the 
input  function for any given disturbance 

(Symbols are  defined in appendlx 3. ) 

as 8 h m  in reference 1. Furthermore, for a system in i t ia l ly  a t  rea 

LC.' (t$ = P  LCf(t-$ 
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so that 

and the  transfer function can be expreeeed as 
L 

This form of the  equaticm  permite easier evaluation of the tranlsfer 
function beoauee it does not require  that the time m o t i o n s  return t o  
the init ial  value, but only that they r€18Ch a steady value. 

The t ransfer   funct ion can now be written 

r" e+ fo &)at 

and the frequency-response m c t i o n  is then obtained by formally 
replacing p by iw, so that 

7 

r" e"t fo ( t ) d t  

Expansion of this equation  Into a form applioable t o  the d i g i t a l  oom- 
put- f a c i l i t i e s   a v a i l a b l e  is developed in reference 2 and gives 

where T is the  time required f o r  the funotions t o  resoh a stable con- 
d i t i o n  and o is any frequency des ired.  The integrals appearing In the 
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expression are evaluated by a numerioal  integration scheme, a l s o  developed 
in reference 2, using digit-al computiag maohinee. The- computatim pro- - 
cedure used required that the data be in the farm of 121  evenly spaced 
readings of the tlme functions. 

Procedure f o r  ~ ~ U ~ C ~ - R ~ ~ ~ C X L L ~ ~  Analysis of Speed Control 

For the speed control, the  input is speed error  while  the  output is 
fuel flow. To obtain  the  necessary  data  for  the9requency-responm 
analysis ,  the speed and fuel   f low  t races  were divided  into  120  eqwl 
intervals  coverlng  the  time  period  required  for  the englne t o  complete 
the   t rans ien t  m d  r e t u r n   t o  a stable  operating  oondirtim. R e a d a s   o f  
engine fuel flow and the  deviation of engine speed from full speed mre 
taken a t  each  point. These data were then used in  the computing pro- 
cedure t o  determine  the  frequency response of the. speed control  over  a 
range of frequencies. 

cc 
b 
b cu 

Results of Analysis 

The r e s u l t s  of the frequency-response analysis for two typical 
transients a r e  presented in figures 6 and 7. Figure 6 ie the- r e s u l t  of 
analyzing the   t rans ien t  response shorn in figure +Which is for an- 
a l t i tude  of L5,OOO feet and a rem pressure  ra t io  of 1.02.  Figure 7 
represents the frequencyreeponse  obtalne3 bpanalyeie of similar 
responses obtained a t  an a l t i t u d e  of 35,000 feet and a ram pressure 
r a t i o  of 1.02. For these  frequency  responses (and a l l  others obtained), 
asymptotes were f i r &  drawn to the data   points   to   deternine  the form and 
evaluate   the  omstante  of the t ransfer  function of the speed control. 
Using the transfer function derived in t h i s  manner, a theoretioal curve 
wae then  plot ted  to   deternine whether the f o m  and constants found 
w i t h  the a i d  of  asymptotes were suff'icientQ  accurate. 

The results of analyzing a number o f  transient responses ahon that 
the speed c m t r o l  is of the p r o p o r t i a n a l - p l u s - i n t e ~ ~  form. The 
values of the integral time constant and t he  fuel flow to speed e r ro r  
gain of the speed control are plotted as functions of fue l  flow i n  
figures 8 and 9, r e s p e c t i v e l y .   k s p e c t i m  of these figures reveals  
that the  integral   t ime  canstant a comtant  value of' 4 seconds  while 
t he   ga in  varies with fuel f low and therefore   with  the flight condition. 

The frequencg-response  data beyond approximately 3 radians per 
second show considerable  scatter and are not considered  reliable. 
Excessive noise an the t rans ien t  fuel flow t races ,  random disturbanoea 
i n  the  experimental data, and inaccuracies in reading  the transient 
data  are  probably  responelble f o r  this d i f f i cu l ty .  Attempts t o  extend 
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the  useful range of the frequency-response Information by moothing the 
data o r  using a  greater number of intervals  failed to result in any con- 
sistent improvement. 

The results of the frequency-respmse analysis provide satisfadory 
Wormation as t o  the  basic form and constants of the speed control. As 
previously noted, hmver ,  information beyond a frequenoy of three radians 
per second  could not be obtained. Also, it was desirable t o  provide some 
means of verifying  the resu l t s  of the Frequency-response analysis. This 
was accomplished by simulating  the engine and speed oon t ro l  on an eleo- 
tronio analog computer,  which also se,med as  a means f o r  further  studies 
of the speed control. 

Verifioation of Speed Cmtrol Transfer  lhnction 

Figure 10 shows the method of simulation used f o r  the purpose of 
verifying the r e su l t s  of the frequency-response Elllalysis. The engine 
was represented as  a simple lag, since  there was no information avail- 
able t o  indicate the presence of any add€tional dgnsmic terms. The 
values of the speed t o  fuel flow gain and time cons tan t  of the engfne 
a t  full speed  were  determined from data obtained with the  uncontrolled 
engine 'by methods slmilar to those  presented in reference 3. The 
variation of these  characteristics with alt i tude  at   a ram pressure ratio 
of 1.02 is presented in figwes 11 and 12. These Characteristics were 
determined mly  w i t h  the open afhrburner nozzle. The data f o r  this 
exhaust-nozzle area were sufficient f o r  the analog computer studies 
inasmuch as reference 3 shows the time constant t o  be independent of 
the exhaust-nozzle area, and the speed t o  fuel flow gain is only 
slightly  affected by it. Furthermore, only the sudden exhaust-nozzle 
changes from fully closed t o  f u l l y  open were simulated. For th is  d is -  
turbasce, the engine operates with the exhaust nozzle open d u r a  the 
greatest  portion of the transient. The gain of the speed control was 
replotted  against  altitude,  as &own by figure 13, t o  provide this 
information in the 881118 form as  the engine characteristics. 

The results of  this port ion of the analog ccanputer studies  are 
shown and compared w i t h  experimental data in figures 14 and 15, whioh 
are for altitudes of 15,000 and 35,000 feet,  respectively, st a rarn 
preseure ratio of 1.02. The experimental data shown In figure 14 were 
translated f r o m  figure 4. Both these  figures show a  close agreement 
between the experiments1 responses and those obtained with the analog 
computer. Some of the deviations between the experimental data snd 
the analog computer results are due t o  inaccumoies in both engine and 
control  data along w i t h  errors in reading  eq8rimental and analog 
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results as well as t o  the  approximations used in  simulating the system. 
The mador port ion  of   this   deviat ion,  however, is probably  due t o  addl- 
t i o n a l  dynamic terns in the   control  which are undoubtedly  present but-- 
which  could not be  determined f r o m  the frequency-response  analysis. 

An h t e r e s t h g   p o l n t  in regad t o   t h e .  englne and control data which 
adds  additional  confi3laation t o  t h e   r e s u l t s  of the  frequency-response 
analysis  of  the speed control is the   r e l a t ion  .between the  loop gain of 
th i s   con t ro l  system and the  maximum deviation  of  engine speed from full 
speed  during  the transient response t o  a sudden ohange in  the  exhawt- 
nozzle mea. The var ia t ion  of   these  character is t ics  w i t h  a l t i t u d e  is 
sham in figure 16. A l l ’ t h e  data f o r  the maximum deviation f r o m  f u l l  
speed were taken from the responses t o  a sudden  change in t h e   e a u s t -  
nozzle area from fully closed t o  fully open. The loop galn was found 
by mult iplying  the  fuel  flow t o  speed e r r o r  gain of the control  
(fig.   13) by the  engine  gain  (fig.   11) at each  a l t i tude.  An examina- 
t ion  of f igure 16 reveals that .the charac te r i s t ics  sham =e approxi- 
mately mirror images of each  other, which serves   to  confirm the  r e l a t i o n  
between  loop gain and a l t i tude .  The integral term w i l l ,  of course, 
have some e f f ec t  on the maximum deviatirm f’rm full speed;  but, in  the 
0888 of the speed cantrol ,   the  integral time constant i e   l a r g e  enough 
t o  make only a w n a ~  difference in this charac te r ie t ic .  

Figure 16 also  indicates   the  effect iveness  of the  ~lpeed control. 
The maximum devia t ion   for  a full eLmust-nozzle area change m a  lees  
thm 1.5 percent  of full speed - for  a l l  a l t i t udes .  Furthermore, data 
show that none of the  responses was of an osc i l l a to ry  nature. It can 
be  concluded that the  closed loop  speed control  performed very w e l l ,  
both in eteady state and in transient. The god performance of t h l e  
p a r t  of the control is the remit of  the relatively high loop g a b  
used. A high loop gain was poesible  because the lags other  than that 
of the  engine were very amall in comparieon uith  the  engine  lag.  A 
fu r the r  advantage was obtained. by increaeing  the  loop gain at high 
a l t i t ude .  Approximately the  same damplng was imintafned  because the 
engine  time constant aleo increased. 

Study of Effect  of Additional Dynamic Terms 

In  order   to   obtain an estimate of the   addi t iona l  dynamic t e r m  
that might be present in the speed control and their  possible magnitudes, 
addi t ional  dynamic terms were introduced  into the simulated  control. 
Mgure 17  shows the terms used. The magnitudes  of the  time canstants 
were gradually  increased until the  speed and fuel  flow  responses on the  
computer  were definitely d i f fe ren t  from the  experimental  responses. 
This procedure was used for the simulation a t  an a l t i t u d e  of 15,000 f e e t ,  
and the   r e su l t s  of this study are  presented in f igures  18 and 19. 
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The first term introduced vas a simple lag, and the speed and fuel 
flow responses t o  the same area  disturbanoe as  that sham in figure 14 
are sham f o r  the lag havhg time canstants of 0, 0.1, 0.2, and 0.3 second 
in figures 18(a), 18 (b) , 18 (c) , and 18 (a), respectively. The excessive 
amount of overshoot on the  sped t r a o e  f o r  the 0.3 seoond time crmstant 
indicates that this  lag is definitely too  large. The overshoot present 
on the speed trace f o r  the 0.2 secmd time constant also seeme rather 
large, but suoh action on the experimental responses could b v e  been 
masked by noise or randm disturbances. The results  indicate  that  the 
first additional  lag is probably not much greater  than 0.1 seoond. 

The next step was t o  add a  secmd lag t o  the simulated oantrol. 
The time constant of one lag was set t o  a value of 0.1 second, while 
the time constant of the second lag WSB gradually  increased. The speed 
and fuel flaw respansee, again for the same area disturbance as that 
s h m  in figure 14, for the second lag wfth time constants o f  0, 0.03, 
0.05, and 0.1 second are  sham in figures 18(e), 18(f), 18(g), and 18(h), 
respectively.  Inspection of these  figures  reveals that a time canstant 
of 0.1 second f o r  the second lag is definitely  too large and a value 
of 0.05 second appears rather large. 

The responses .indicate that the first additional lag is probably 
not much greater  than 0.1 second  and the second Lag not much greater 
than 0.03 second. A comparison of the computer responses f o r  the 
system with two lags of 0.1 and 0.03 second with the experimental 
responses for the same fl i&t conditions is  shown in figure 19. The 
oomputer responses f o r  the system without lag are  also shown. This 
figure indicates  that  the computer responses with the lags having time 
constants of 0.1 and 0.03 second lncluded are  closer t o  the experimen- 
tal responses  than the computer responses without the lags. 

The situation f o r  an altitude of 35,000 feet is samewhat different. 
Since the  basic englne lag a t  35,000 feet is approximstely twioe as 
large  as a t  15,000 feet, the system response is much less sensitive t o  
additional small lags. Figure  15 shows, hawever, that the computer 
responses f o r  35,000 feet without any additional lags are  already in 
good agreement w i t h  the experimental data. Because the system at 
35,000 feet is much less  sensitive t o  these lags., the  cmputer responses 
with the two lags will also be very close t o  the experimental responses. 
On the  basis of the  effect of these lags on the responses at  both 
15,000 and 35,000 feet, it can be cancluded that addltimal lags of this 
order of masitude are very l ikely present in the actual system. 

The elimination of large lags in the contrOl syatam allawe the use 
of a relatively high loop gain while msintaining satisfactory damping 
during transients. As a result,  the  over-all performance of the speed 
control was excellent. The  maximum deviation of engine speed during 
exhaust-nozzle changes from open t o  closed positions was less than 
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1.5 percent of f u l l  speed f o r  a broad rebnge of a l t i t udes .  Furthermore, 
sa t i s fac tory  transient reeponses were obtalned for these area d i s tu r -  
bances and for accelerations from i d l e   t o  fill thrust. 

ANALYSIS OF AC-ION CONTROL 

A s  was previously  noted,  the hydraulic control was designed 
t o  prevent  the engine from encountering compreaeor &all or surge 
during  accelerations  by  scheduling  fuel flow a s  a function  of compressor 
pressure r i s e .  The schedules for the three s e t t b g s  Used durlng  the 
MACA investigation were obtained from an analysis of t h ro t t l e   bu r s t  
accelerations,  such as those shown in  figure 5. Values  of fuel flow 
and  compressor pressure rise at  various  instante  of t h e  were read-from 
the   t rans ien t   t races  over the  period when t h e   t h r o t t l e - v a l v e  is wide 
open and the overspeed  valve has not begun to   c lose .  A p lo t  of t h i s  
data  furnishes  the  required  schedule. 

Schedule  hposed  by  Acceleration  Control 

The scheduleB imposed by the  accelerat ion  control  for the  three 
c ,ont ro l   se t t ings   a re  shown separately in figures  20(a),  20(b) , and 20(c). 
me data  f o r  each se t t i ng  were plot ted  separately t o  avoid  confusion 
from the   s ca t t e r  of the data points. The schedule was drawn through 
the  data   points   for   each  set t ing,  and a l l  three schedules  are campared 
in   f i gu re  21. A steady-state operating line is included in f igure 2 1  
t o  illustrate the margin between the  s teady-state   operatbg line and 
the  limit imposed by the  control.  The f la t  spot on the lower  portion 
of the  schedule,  called  the  acceleration minimum fuel flow, should 
have been successively  higher for the second and th i rd   se t t ings  of t he  
control.  The f u e l  flow a t  this flat s p o h n  the various  traces appeared 
t o  be errat ic ,   a l though  the f la t  spot always occurred a t  a f u e l  flow 
near 2500 pounds pe r  hour.  Values above and below t h i s  one were found 
f o r  a l l   t h r e e  settings. Above the  f la t  spot ,   th is   port ion o f  the 
schedule,  denoted as   the   acce le ra t ion  fuel flow, -8 higher for the 
second and th i rd   se t t ings ,  as it should have been. This portion of 
the  schedule  should have been ident ical ,  however, f o r   t h e  second and 
t h i rd  settings, s ince   the   acce le ra t im  fue l   f low  ad jus tment  was t he  
same for  both  sett- ings.  The. small difference between these two lines 
may be p r h a r i l y  due to  Inaccuracies in reading   the   t rans ienkt races .  

Effect of Setking an Acceleration 

The e f fec t  of the   se t t ing  on the accelerat ion of the e n g h e  is 
i l l u s t r a t ed  by figure 22, which.presents  the time required f o r  the con- 
t ro l l ed  engine to   acce le ra t e  from idle t o  full speed a s  a function of  
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altitude. Since the  idle speed varies with altitude, its variation is 
shown also. Figure 22 shows that the engine accelerated faster w i t h  the 
second a d  third settings of the  control. This is t o  be expected because 
a greater margin exists between the  steady-state line and the limit 
imposed  by the  control schedule f o r  the seocmd  and t h i r d  settings. The 
difference in acceleration time is much greater at low altitudes because 
of the  greater speed range which m e t  be traversed. This effect a l s o  
accounts for the deorease in acoeleration time w i t h  altitude. 

Comparison of Control Action w i t h  Engine  Requirements 

For a  better understanding of the action and effectiveness of the 
surge control, it is helpful t o  compare the surge line of tlre engine 
w i t h  the path followed by the engine dur ing  a  throttle burst  accelera- 
tion. There was, however, very l i t t l e  surge infomation  available f o r  
the engine equipped w i t h  the  afterburner and the  afterburner exhaust 
nozzle. A detailed  investigation of the s t a l l  and surge characteristics 
of this engine without an afterbumer and us- a smaller exhaust nozzle 
was made,  and the  results of this investigation  are presented in refer- 
ence 4 .  Data presented in reference 4 indicate that the  eaust-nozzle 
area does not  influence  the Sttall o r  surge characteristics if these  are 
defined by compressor parameters. If these  characteristics are defined 
by other engine parmeters such as  fuel flow, then the exhaust-nozzle 
area has a considerable effect. AB shown in reference 4, tlie engine 
first encounters a high-frequency pulsation, believed t o  be stall, a t  
law engine speeds snd surge a t  the  higher engine speeds. For purposes 
of simplicity,  the combined stall and surge line,  refemed t o  8s the 
'*limit line " in reference 4,  w i l l  be designated the surge line in this 
report. With the aid of the  characteristics presented in reference 4 ,  
the  data  available for the engine configuration used h the  controls 
investigation  are  sufficient t o  illustrate  the  general  trend of the 
surge characteristics. 

Figure 23 shows the surge line on 8 plo t  of canpressor pressure 
r a t i o  against  generalized speed obtained f o r  the nonafterburning engine. 
The surge points found f o r  the engine with afterburner are  a l s o  Shawn 
and fall on the surge line taken from reference 4, as expected. Also 
shown on this figure  are the steady-state operating l h e  for an altitude 
of 15,000 feet w i t h  the open afterburner nozzle and the path of the 
engine during the  throttle burst acceleration of figure 5, also at  an 
altitude of 15,000 feet. Although the engine appears t o  enter  the surge 
region  during the  acceleration,  the engine did not surge. Insccuracies 
due t o  data  scatter in this region were respansible f o r  this  error.  
This figure indicates that the control  accelerstes the engine very close 
t o  the surge l ine   a t  this flight condition. It w i l l  be shown later 
that  a mall margin was available between the acceleration path followed 
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by the control and the 8urge l b e ,  even though  such a margin is not iFqii- 
cated by this figure. The effect of altitude will also be  discussed - 
later. 

The r e l a t ion  between the surge line and the acceleration  path of 
the  controlled engine is &own also by  plott ing  theee  characterFstic8 as 
function8 of other  engine perrametere. From such p lo t s  it may be possible 
t o   a s c e r t a i n  better surge control parameters o r  to   evaluate  more c lear ly  
the   qua l i ty  of the  surge control examined.  Such information i s  presented 
in f igures  24, 25, and 26 f o r  an a l t i t u d e  of 15,000 feet and a ram pres- IC 
sure r a t i o  of  1.02 f o r  the first settFng of the control.  

t- 
t- 
IC 
N 

The surge line and the  control  lhi% line are presented on a p lo t  
of &el flow against  compressor  pressure rise Fn figure 24. Figure 25 
shorn the surge line along  with a thro t t le   burs t   acce le ra t icm on a p lo t  
of fuel flow against englne speed. Ln figure 26, an acceleration  path 
and a f e w  surge points  are given on a p lo t  of temperature against englne 
speed. The aoceleration  path6 for figure8 23 t o  26 were obtained from 
the  same th ro t t le   burs t   acce le ra t ion .  

Exminabion of f igures  24 t o  26 aga in   i l lus t ra tes  that the  surge 
oontrol allows acoelera t ima  c lose   to   the  mrge line f o r  the given flight f 

oonditians. A l l  the eurge points l i e  above the acceleration  path in 
these figures. These data are therefore  consistent with the absence of 
surge dur- +.he transient shown. In addition, there is a grea te r  margin 
between the steady-state,   acceleration, and surge lines as defined by 
these parameters  than there was OR t he   p lo t  of compressor  prerssure r a t t o  
against generalized engine speed. In the case  of the cmpressor  pressure 
r a t i o  - generalized engine speed plot ,   not  only is the margin between 
the  surge and steady-state lines ~rmall, b u t a l s o  the  variation i n  pree- 
s u r e  r a t i o  a t  constant speed near the surge  l ine is extremely  emall. 
Therefore, in the region where an evaluation is most c r i t i c a l ,   t h i 8  
type of plo t  is least helpful.  As a result, figures 24 t o  26 permit a 
bet ter   evaluat ion of the sur& control. 

Ef’feat of Altitude on Acceleration  Control 

Since little information on surge was available for the engine with 
the  afterburner  at tached at altitudes other  than 15,000 feet, generali- 
zat ion  factors  w e r e  used to   ob ta in  an indication of the fuel flow and 
compressor  pressure rise at the  surge line for   o ther   a l t i tudes .  To 
determine  the degree of  accuracy  attainable by generalization,  experi- 
mental and genemlized surge da ta   fo r  the nonafterburning exhaust 
nozzle were compared. This comparison is ehown in figure 27. The 
ac tua l  surge lines are 6 h m  as drawn through the data obtained from 
reference 4.  The surge line f o r  35,000 feet obtained by generalizing 
the  d a t a  f o r  15,000 feet comparres very well with the  actual  experimental  

. 
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surge line f o r  35,000 feet. The surge lines a t  15,000 and 35,000 feet 
are f o r  a 1.02 ram pressure ra t io .  

Also sham are the surge lines obtained by generalizing  the  data 
for 15,000 and 35,000 feet t o  s ta t ic  sea-level condi tons.  Although the 
agreement is not good over the complete range, the reer&ts indimte that 
an approximate surge line f o r  static  sea-level conditione 0811 be 
obtained. Data obtained a t  15,000 feet  while the engine was operating 
with the  afterburner tail section and exhaust nozzle were therefore 
generalized t o  locate  the approximate positicms of surge lines at 888 
level and a t  35,000 feet. The positions of these  mrge lines w i t h  
respect t o  the  control  acceleratim fuel flow line a,re slmm in 
figure 28. Steady-state lines for  sea-level, 15,000 feet, and  35,000 feet  
are shown along w i t h  the control  idle  fuel flaw. 

Exarhinatian of figure 28 shows that the surge line falls oonsidersbly 
below the control  acceleration fuel flow line f o r  an altitude of 
35,000 feet. If, however, the  idle  fuel flow is omsidered, it 0821 be 
seen thst this feature of the control  prevents  operation in  the range 
where the surge line is below the  acceleration  control limit. For an 
altitude of 35,000 feet, the engine is, in fact, at  full epeed (as wae 
shown by fig. 3), so that accelerations xi11 not occur a t  th i s  altitude. 
If, however, accelerations from fuel flows below the normal idle were 
required, as in the case of altitude starting, careful manipulation of 
the throttle would be required sin- the control could not  effectively 
prevent surge. 

This figure  further  reveals that f o r  static  sea-level conditions 
the acceleration provided  by the  control line is extremely mall In 
comparison w i t h  that available,  especially at the lower end. 

A study of the  available surge Informatian has indioated  a m e t h o d  
of more fu l ly  utilizing  the engine acceleratim  capbili t iee.  Further- 
more, the proposed method provides more oomplete protect im  a t  high 
altitudes and law engine speeds. The relation of the proposed 00ntrOl 
acceleration fuel f l o w  t o  the engine surge lines is presented in 
figure 29. It appears that a schedule in which fuel flow is directly 
proportional t o  compressor pressure r ise  and located as ahown would be 
suitable  for prt of the  control line. This part is essentially as 
provided a t  present except f o r  a ohsnge in slope. The seoond part would 
be a modificatxm t o  make the acceleration min- fuel flow a function 
of compressor inlet t o t a l  pressure. For example, a t   s t a t i c  --level 
conditions,  the  acceleration minimum fuel flow would be approximately 
5500 pounds per hour, as  indicated by the daahed line Just bel- the 
corresponding surge line. A t  15,000 feet this  minimum acoeleraticm 
fuel flow would drop t o  approximately 3000 pounds per hour, and a t  
lower inlet pressures it would deorease aocordingly. The indioated 
acceleration min lmum fuel flows are  plotted as a  function of canpressor 
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inlet to t a l   p re s su re  in figure 30. IIlhe r e l a t ion  is very nearly a straight 
line, indicating that a proporbional  variation of the mFnimum acce lem-  - 
t im fuel flow with compressor inlet t o t a l  pressure would be su i tab le .  

A s t u d y   o F t h e  effect  of  ambient  temperature  variations on the surge 
line was made, again using geneml iza t im   f ac to r s .  A t  static sea-level 
conditions, a 1 percent change.in f u e l  f low is required for every 
10' E' change in temperature. To provide eafb operat ion  for  a tempera- 
ture of OO B a t  s t a t i c  sea-level conditions would require a s l i g h t l y  
lower accelerat ion fuel flow than that indicated  by figure 29. This 
same proposed  schedule could be used, however. B i g u r e  31 i l l u s t r a t e s  
the posi t ion of the  proposed control  echedule in  relation t o  the 
present  schedule. 

The most important results obtained are summarized in  three groups 
as follows: 

Frequency-Respanse Analysis of Speed Control 

1. The r e s u l t s  of the frequency-response analysis were very con- 
sistent up t o  3 radians  per second and showed that 'the speed control 
is of the proportional-plue-integral type. 
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2. The integral   t ime constant of the speed control is 4.0 seconds 
and does not  vary appreciably withfuel flow or  altitude. 

3. Fuel flow t o  epeed error gain of the speed c m t r o l   v a r i e s  with 
fuel flow and therefore with a l t i t u d e  and Maoh number f o r  a given  engine 
speed . 

4. As a r e s u l t  of inconsistencies in the data beyond a frequency 
of 3 radian8 per second, the existence  or  nonexistence of addi t ional  
high-frequency dynamio e f f e c t s  could not  be de f in i t e ly  established from 
frequency aaalysis alone. 

Sirnulatian of Speed Control 

1. Cloee agrement m e  obtained between experimental and eimulated 
t raneiente ,  verifying that the proportimal-plus-integral form with the 
constants obtained provided a fairly accurate  description of the control. 

2. The study of high-frequency  oharacterietics not obtainable from 
the frequency analysis indicated that Eadditiansl dyaamic t e r n  are 
probably anall lags. 
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3. The avoidance of large lags permitted the use of a high loop 
gain which resulted in a very effective speed cmtrol. 

Aooeleration  Gantrol 

1. The study of altitude e f fec t s  showed thst the acceleration- - 
surge control depended upon a fixed idle f i e 1  flow for proper  operation. 
When accelerating fram engine speeds c6rrespondlng to   fue l  flows less 
than the n o m 1  fixed idle value, such a0 during altitude starting, 
p i l o t  t h r o t t l e  manipulation would be necessary t o  avoid surge. 

2.  The study also indicated that the present ca&rol would 
u t i l i z e  only a pa r t  of the available  acceleration a t ,sea l e v e l  i f  set t o  
operate safely f o r  a range of a l t i t udes .  

3. A modification of the present  control schedule whioh follows 
the  actual surge characteristics more closely for a broader range of 
engine and flight conditions is propos'ed . 
-is Plight Pmpulsicm Laboratory 

Cleveland, Ohio 
- Nat iona l  Advisory  Committee f o r  Aeronautioe 
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Recording equipment. - Engine p m m e t e r s  were reoorded durlng 
transients on six-channel, dire&-inking, magnetio-penmotor osc i l lo -  
graphs. Each ahannel of the recorders was driven  by either a strain 
analyzer or d-c type of amplifier, depending on the parameter being 
measured. Strain  analyzer  amplifiers were used with the sensing 
devices   for  pressures, fuel flow, abd t h rus t ;  while d-c  amplifiers were 
used yith the sensing devices for speed, aGCelertLtim, temperature, 
and posit ion.  The f'requenuy response  of the penmotors in combination 
with either type of ampltfler is essentially f la t  over  the range Srom 
0 t o  100 cycles  per second. The oscillograph chart epeed was 
12.5 millimeters (24  units) per  eecand . 

Timing mark8 were introduced on certain chaMels by removing the 
signals from them channels, before o r  after a tramlent, simultaneously 
by means of a switch. These ZlbarkEI serve as a meam of alining the 
t r aces  from different recorders and for detecting slight variat ione in 
the lengths of individual  pens. 

Posi tdm  indicat ion.  - The posit ims of the exhaust nozzle and 
power lever were indicated by a:potehtiometer attached i n  such a manner 
that the movable arm of the poten t imeter  was an inaiuatim of the 
poeition of the device. A d-u voltage was applied  across the potentican- 
eter so that a d-c voltage indicat ive of positlm appeared  between the 
movable arm and either end of the potentiometer.  For the t rans ien t  
indicat ion,   the  init ial  l eve l  of the ei@al was cancelled by series 
add i t ion  of an adjustable  voltage  opposite in p o l a r i t y   t o  that of the 
signal. T h l s   I s  done since it is des i r ed   t o  record only the cbrrsge 
during the transient. The siepsl is then   appl ied   to  a d-c amplifier 
feeding me channel of- a recorder. 

The frequency  re8ponse of this  o i rou l t  is l imi ted  by that of the 
anplif ier and recorder. 

Turbine inlet temperature. - Turbine  inlet temperature was meaeured 
by a number of eonio-type, shielded thermocouples  placed at the turbine 
inlet and e l e c t r i c a l l y  connected in series. A switching arrangement wae 
provided t o  bypaes any of the thermocouples  should they burn out o r  
become grounded. Ths initis1 leve l  of the si#lwae cancelled, and 
the signal was then applied t o  a d-o amplifier feeding m e  ohamel  of 
a -corder. 

The frequency  response O H h i 6  o l r cu i t  is determined by the time 
o m d a n t  of the themooouples, which depends upcm the themnocouple 
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material, w i r e  size used, type of junction, and mass flaw conditions a t  
the point of measurement. Tbe thermocouple used had a time omstant of 
approximately 0.6 second a t  sea-level mass flow conditims,  resulting in 
a frequency response which is essentially  f lat  from 0 t o  0.27 cycle  per 
second a t  this condition. Methods f o r  determining the tlme constant of 
thermocouples are given in reference 6 .  

These same thermocouples were  used f o r  the  steady-state  indication. 
Relays  were  used t o  s d t o h  the thermocouples from the  steady-state 
equipment t o  the  transient equipment. Under some conditions of 
excessive engine vibration,  chatter of relay  contacts caused tbis tem- 
perature  recording t o  be extremely noisy. These traces are questionable, 
but can be easily  identified by the  large amouzlt of high-frequency noise 
present on the trace. 

Turbine discharge  temperature. - Turbine discharge temperature was 
measured  by a number of 18 gage, ohramel-alumel, butt-welded thermo- 
couples  placed at the- turb ine  discharge and electrically connected in 
parallel. The si-1 f r o m  the thermocouples was applied to a mgnetic 
amplifier t o  increase the amplitude of the signal without the i n t r o -  
7hmtion of excessive noise or drift;.  The magnetic amplifier was 
followed by an adjustable  voltage t o  cancel out the init ial   level,  a 
thermocouple  compensator, and a d-c amplifier feed- one channel of 
a  recorder. 

The thermocouple  compensator I s  an electric network  which, when 
properly adjusted, compensates f o r  Yae thermal lag of the thermocouples. 
A detailed  discussion of the basic  principles and circuitry involved 
is given in reference 5. This device allows the use of heavier thermo- 
couple wire while obtain- faster response  than could be ordinarily 
obtained with smaller wire. 

The compensator was set  by placing only one thermocouple in the 
circuit and then suddenly plunging the themooouple from a cooled 
shield i n t o  the hot gas stream, effectively  subjecting  the thermocouple 
t o  a step change in temperature. The compensator was then  adjusted 
until the temperature trace recorded as  nearly a s tep  as possible. 

The frequency response of this oircuit with the campensator 
properly  adjusted is f l a t  over the range from 0 t o  5 cycles per  second 
a t  sea-level mass flow conditions. 

Engine speed. - An alternator on the engine provides an a-c  voltage 
with a frequency directly  proportional t o  speed and  vary- from 300 
t o  800 cycles  per second over the speed range normally encountered. 
This signal was used in connection with an electrmic tachometer which 
was modified t o  give an accurate  steady-state and suitable  transient 
indication of engine speed. 
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The s teady-s ta te   ind ica t im is provided  by a counting c i r cu i t  which 
counts  the  input  frequpncy  for a period  of 1.2 seconds, whlch is accurately 
set by a crystal   control led  os6i l la tor .  This count i s  then  presented on 
a neon lamp display panel for a sui table   length of time a f t e r  which the 
process is repeated.  Although the count is very  accurate, unless the 
frequency is high in r e l a t i o n   t o  speed, the speed cannot be precisely 
defined. Consequently, the a l t e rna to r  signal was first applied t o  twu 
stages of ful l -wave  rect i f icat ion which  increased  the  frequency  by a 
f ac to r  of 4. With th i s  modification, the steady-state speed indication 
was precise t o  wlthin 1 r p m .  

The t rans ien t  signalms obtained by modifying an existing meter 
circuit   included in the instrument t o  provide a continuous indicat ion of 
frequency and, hence,  speed. A d-c voltage,   proportional  to speed, i e  
produced by the modified  meter c i r cu i t .  mer  cancellation of' the 
initial level ,  this signal was applied t o  a d-c amplifier feeding one 
channel of a recorder. 

The flwquency  response of t h i e  c i r c u i t  is l imited by a f i l t e r  c i r -  
cu i t  required in the modified meter c i r c u i t  and is eesent ia l ly  f la t -  
over the range fram 0 t o  10 cycles per second. 

m i n e  acceleration. - The trsnsient acceleration signal was 
obtaFned by 'd i f fe ren t ia t ing  the speed s igna l  w i t h  a simple RC c i r cu i t .  
The s igna l  *om the d i f f e ren t i a t ing   c i r cu i t  was applied t o  a d-c 
amplifier feeding me ohannel of a recorder. There is an inherent lag 
associated w i t h  the RC differentiating c i r c u i t  whioh limits the fre- 
quency response t o  2 cycles per second. 

A i r  pressures. - Transient measurements of ram pres~ure, dynamic 
pressure a t  the engine inlet, compreesor.discharge presswe, turbine 
discharge pressure, and compreasor pressure rise were made us- 
standard four-element,  strain-gage  pressure  pickups and strain-analyzer- 
type amplifiers,  A network i n  the analyzer  provides a means of 
adjusting the init ial  output of the  amplifier so that only the change 
need be  recorded. 

The pressure  pickups were mounted fn a centrally  located box 
designed t o  reduoe the ef fec t  of engine vibrat ion on the pickups. 

The dynamic response of these c i r c u i t s  is a function of the dimeter 
and the  length of the tubing used t o  t r a n s m i t  the pressure frm the 
engine t o  the pressure pickup and the d e n s i t y   o f t h e  a i r .  Deeign of 
tubing  size is outlined in referenoe 7. A l l  tubing was experimentally 
tes ted  and adjusted  before   instal la t ion  to   give a frequency response 
whtchis eseent ia l ly  f la t  from 0 t o  10 cycles per second a t  sea-level 
conditions. 
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Fuel flow. - The transient  indication of fuel flow was obtained 
by measuring  the  pressure  drop  across 8n o r i f i c e  in the fuel line by 
means of a differential  strain-gage  pressure  pickup. The operation 
of  the  pressure  pickup  is  the same in this  case  ae for  those  used t o  
measure air  pressures. To obtain a sufffcfently large pressure drop 
regardless of the fuel flow,  the  size of orifice used was made  variable 
by means of a remotely  controlled positionbg system. 

It  should be noted  that for  the fuel flaw  trace  the  deflection is 
not a linear  function  of  the fuel  flow change  since  the  pressure  drop 
across  the orWice is  proportional to the square of the f u e l  flow. 
When  obtaining values from the fuel flow trace,  it  is  necessary  to 
adjust f o r  this  effect. 

The  frequency response of  this  measuring  system has not  been 
determined. 

Thrust. - The transient  thrust  measurement like the  pressure 
measurements, w a s  obtained  with a strain gage and  strain-analyzer- 
type of amplifier. In this case, however,  the  strain gage is banded 
to a thrust link attached frm the engine to  the  mount. The engine 

- is  supported in such a mmmr that the total form of the w i n e  is 
transmitted t o  the  mount through this  thrust link. 

.. The frequency respanse of t h e  circuit to a change in the  thrust 
link I s  limited by the  recorder  and  amplifier,  but  the  response of the 
entire system is dependent on the  dynamics of the entire  mounting 
system,  which has not been determined. 

Control  valve pressure drops. - The pressure  drops  across  the 
valves in the  control  were measured by  differential  strain-gage 
pressure  pickups  connected  across  the valves. The operation of the 
pressure pickup  is  again  the same as in the case of those used to 
measure air  pressure. 

As in the case of fuel flow, the  frequency  response  of  this  system 
l e  undetermined. 
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SYMBOLS 

The  fell-g symbols are  used in this report: 

engine e a u s t - n o z z l e  area 

frequency-response  function 

trensf er function 

funct ion of time 

first time der iva t ive  of f ( t )  

control  gain, fuel flow to speed error 

engine gain, engine speed t o  fue l   f low 

Laplace transf o m  

engine epeed 

engine speed setting 

complex number 

engine fuel flow 

time constant  associated w i t h  exhaust-nozzle mrvo 

engine lag tlme  constant 

integral time  constant of cont ro l  

time conetant of first oontrol lag 

time  constant of second control  lag 

frequency 

Subscrfpte : 

1 input 

0 output 



NACa RM E53D02 23 

1. Laverne, Melvin E., and Boksenbam, Aaron S. : IWequency Response of 
Linear Systems fram Wansient  Data. mAcA Rep. 977,  1950. 
(Supersedes RAGA TE3 1935.) 

a .  Delio, Gene J.: Evaluation  of Three Methods for Determlnlng 
Dpamic  Characterist ias of a Turbojet Engine. mACA Tm 2634, 
1952. 

3. Craig, R.  T., Vasu, George, and Schmidt, R. D.: Dynamic Characteris- 
tics of a Single-Spool Turbojet Engine. NACA FUf E53C17, 1953. 

4. Schmidt, Ross D., Vasu, George, and McGrm, Edward W. : Determina- 
tion of Surge and Stall Limits of an Axial-Flaw Turbojet Engine 
for Control  Applicatians. mACA 5l-l E53B10, 1953. 

5. Shepard, Charles E., and Wsrehawsky, Ie idore :   E leo t r ica l  Teohniques 
f o r  Compensation of Thermal Time Lag of Thermocouples  and Resis- 
tance Wire Thermometer Elements. NACA TIT 2703,  1952. 

6 .  Scadron, W v i n  D., and Wmshawsky, Ie idore : Experimental Deter- 
mination of Time Constants and Nusselt ?lumbers f o r  Bare-Wire 
Thermocouples in High-Velocity Air Streams and Anslytic Approx- 
imation of Conduction  and Radia t fm  Errors .  RAGA TN 2599,  1952. 

7. Delio, Gene J., Scbwent, Glennm V., and  Cesaro, Richard 5 . :  Tran- 
s i en t  Behavior of hped-Cons tan t  Systems for ming Gas Pres- 
sures. NACA !FN 1988, 1949. 



24 NACA RM 3531)OZ 

Bteaby-state  instrumentation 
.~ 

:alibration obtrinsd rrm s t a t i c  pns- 
aura tests of transient equlpmsnt 

U b r a t i o n  obtained ircm s ta t ic  pres- 
sure t es t s  of t r m i e n t  equipment- 

:allbration  obtained f r o m  s ta t ik  
pressure tests of transient 
equipment 

:sllbration  obtdned f r o m  s t a t i c  
pressure t e a t s  of transient 
equlpmcnt 

3teady-state vi lues of c-asor-inlet 
pressure  subtracted irom 8teady-state 
values of compressor-discharge pramsum 

I 
:ontml feedback patentiomater 0-rn 

. -  - 



. .  
. .  .. 

" C X - 4  

I 

.. . 
. .. 



Fuel  &l! Lvere 

/ actuator 
/ 

/ . 

E n g i n e  speed 
"-L 

Figure 2. - Block dlagram of engine and hydraulic control. 
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F i v e  3. - Variation of idle speed w i t h  al t i tude  for  controlled engine 
at ram pressure  ra t io  of 1.02. 
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F i m e  4. - Transient omration of controlled enulna for euaden channe in &ut-nozzle 
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. 

. .  

Figure 4 .  - Concluded. Tranaikt crpe&ion of c o n t r 6 i i d X ~ ~ ~ t  s& chsnge in 
exhaust-nozzle area. Initial erbaust-nozzle area, 351L sguam inches; final exhsust- 
nozzle area, 652 square inches; altitude, l5,oOO feet; ncauirmlram preseure ratio, 
1.02; engine-Inlet air tageratun., 476' R. 

. .  . - -  . ". .. .. . 
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Figure 5.  - Continued. -ient  operation of controlled engine during throttle-burst 
accelaration to full military thrvetat O r i g i n a l  surge contro l  setting. Initial 
engine speed, 5360 rpm; alt i tude,  15,000 feet; naninal rampreeeure ratio, 1.02; 
engine-inlet air temperstwe, 466' R. 

.. . 
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Figure 5. - Concluded.  R.apsient  operation of controllad engina during thmttle burst 
acceleration to ~ ' m ~ i t a r y  thrust at original surge control  setting. Initial 
engine speed, 5360 rp; altitude, 15,OOO feet; ncminal ram preeeure ratio, 1.02; 
engine-inlet air temperature, 466O R. 
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(a) Attenuation characteristics. 

Figure 6, - Frequency response of fuel flow t o  speed e r ro r  for speed control at altitude of 15,000 feet  and 
ram pressure r a t i o  o f  1.02. 
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(a) Attenuation characterist ICE. 

Figure 7 - Frequency response o f  fuel flaw to a p e d  error for a p e d  control at  altituae of 35,ooO feet and ram 
pn5sU.m -ti0 of 1.02. 
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Figure 10. - Block diagram illustrating method of simulating controlled engine 
far disturbance in exhaust-nozzle area. 
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Figure 12. - Variation of engine time conatant with altitude for operation a t  f31 speed and ram pressure 
ratio of 1.02. 
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P&urr 13. - Variation of cantml @in of speed c o p t r o l  with altitude for cperatlon at ram pressure ratio of 1.a. 
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Figure 14. - Ccorparison of analog cauputer results with experimental data for transient 
response of controlled engine to sudden change Fn exhaust-nozzle area at altitude of 
15,000 feet, ram pressure ra t io  af 1.02, and atandard engine-inlet aFr temperature. 
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Time, sec 

Figure 15. - Comparison of analog computer results with experimental data for  transient 
response of controllea engine tu sudden change i n  exhaust-nozzle area at a l t i t 9  of 
35,ooO feet, ram pressure ratio of 1.02, and engine-hikt a b  temperature of 444 R. 
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Figure 16. - Comparison of variation  with  altitude of maximum speed  error - following exhaust-nozzle  disturbances  and loop gain of controlled engine 
at  constant ram pressure  ratio. 
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Speed control 

Figure 17. - Block diagmm of analog ccrmputer illustrating functions uaed for  study of effect  
of high frequency t e r n  on response of s-ted controlled eryrine. 

.. .. . 



, I 

(a)  T~ = 0; T~ = 0. (b)  T 2  = 0.1 second; ( C )  T2 = 0.2  second; (a) f 2  = 0.3 second; 
73 = 0. 73 = 0. T 3  P 0. 

v C-32533 

(e)  T~ = 0.1 second; ( f )  T~ = 0.1 second; (g) T~ = 0.1 second; (h) T~ = 0.1 second; , 

T 3  = 0. r 3  = 0.03 second. T~ = 0.0s second. r3 4 0.1 second. 

Figure 18. - Computer fuel flow and engine speed responses Illustrating effect of additional lags. Altitude, E,OOO feet; 
engine time constant re, 2.8 seconds. U p p e r  trace . in each figure,  fuel flaw; lower trace, engine speed. 
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Figure 19. - .Comparison of analog computer responses with and vithaut lags with experimental 
responses for  altitude of 15,ooO feet. 
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Figure 20. - Schedule of fuel f l o w  as function of compressor pressure rise followed 
by acceleration control. . .  
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(b) Second settFng of acceleration  valve  actuator.  

Figure 20. - Continued.  Scheaule of f u e l  flow as function of c ~ ~ ~ ~ r e e e o r  preseure 
riee followed b y  acCe1eration  control. 
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( c )  Third s e t t i n g  of acceleration  valve  actuator. 

Figure 20 - - Concluded. Schedule of fuel f low as function of compressor  pressure 
rise followed by acceleration  control.  
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Figure 21. - Ccuapsrlson of scheMes of fuel flow as fbction of ccnnpressor pressure rise 
for three settings of acceleration valve actuator. 
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FPigure 22. - Variation with a l t i t ude  of idle speed and of time required for con- 
t ro l led  engine to accelerate from idle t o  f u l l  speed for  three set t ings of 
acceleration valve actuator. 
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Generalized  engine speed, rpm 

Figure 23. - Comparison of surge line to accele-tion path of controlled engine 
with first se t t i ng  of accelerat ion valve actuator  on p lo t  of compreseor pres- 
sure rat io against  generalized  speed f o r  operation at altitude of 15,000 f e e t  
and ram pressure ratio of 1.02. 
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Figure 24. - Comparison of surge  l ine w l t h  accelerat ion  control  limit l i n e  for 
first se t t i ng  of accelerat ion valve actuator  on plot  of fuel flow against com- 
pressor  pressure rise for   operat ion at a l t i t u d e  of 15,000 f e e t  and ram pressure 
r a t i o  of 1.02. 
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Figure 25. - Comparison of surge line ' with .acceleration pehth of controlled engine 
fo r  first setting of accelerat ion valve actuator on plot of fuel flow against  
engine  speed far operation a t  altitude of 15,ooO feet and ram pressure r a t io  
of 1.02. 
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Figure 26. - Comparison of surge goints d t h  accelerat ion path of control led 
engine for  f i r e t   s e t t i n g  of accelerat ion valve actuator on p l o t  of turbine 
discharge  temperature  against  engine speed for operation at a l t i t u d e  of 
15,000 feet and ram pressure ratio of 1.02 
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Figure 28. - Comparison of present acceleration fuel flow schedule wlth engine characteristics 
for various altitudes. 
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Figure 29. - C c u c r p s r i m n  of proposed accelerat lm~ fuel flow shbsdule with engine characterietics 
for varFoue altitudes. 



NACA E53D02 61 

400 800 1200 1600 2000 2400 
Conrpressor inlet t o t a l  pressure, lb/sq f t  abs 

* Figure 30. - Variation of acceleration m i n i m u m  fuel f l o w  with compressor 
inlet t o t a l  pressure f o r  proposed  modification of fuel schedule. 
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Figure 31. - Coanparleon of engine charac-teristice with preeent and proposed 
acceleration fuel f l o w  schedules. 
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